Since their discovery in 1952 by Gilman et al., 3 the coinage transition-metal-based reagents organocuprates have played a significant role in selective organic transformations through conjugate addition. 4 Because of their nucleophilic character, organocuprates are widely used in conjugate additions with various electrophilic substrates for syntheses of biologically active natural or synthetic products. 5 Organocuprates generally show high regio-and stereoselectivity toward Michael acceptors in 1,4-conjugate addition reactions. They also show an unusual reactivity towards various highly conjugated alkenoates and alkynoates that depends on the nature and the position of the activating group on the activated conjugate system. 6 For example, alkynoates A give the corresponding 1,4-conjugate addition products A′ with organocuprates R 3 2 CuLi through carbocupration and subsequent protonation (Scheme 1, path 1). 7 In a similar fashion, phosphanes also undergo a similar 1,4-conjugate addition with alkynoates A and form the zwitterions A′′ (path 2). 8 Interestingly, enynoates B with an electron-withdrawing alkenyl substituent on the alkynoate triple bond react with organocuprates by chemoselective 1,4-addition to give conjugated dienes B′ (path 3), 9 whereas those with the reversed enyne moiety, namely the ynenoates C, give allenes C′ through 1,6-addition (path 4). 10 Gilman reagents show chemoselective reactivity toward enynes B and C, reacting at the alkynyl carbon. However, to the best of our knowledge, there is no direct experimental evidence that explains the nucleophilic conjugate addition patterns of enynes B and C with Gilman and phosphane reagents. In a recent report, we could only suggest a putative β-addition mechanism for the addition of phosphanes to enynes C, 11 because it was not possible to isolate any intermediates of the reaction.
We and others have observed that phosphane nucleophiles attack the α(δ′)-carbon of dimethyl (2E)-hex-2-en-4-ynedioate (1a) 12 (Scheme 1, path 5) and diynedioates, 13 as well as undergoing α-addition to oligoynoates. 14 The addition to enynedioates 1 can be considered as a 1,6-addition because the alkenoate ester has a higher numbering priority in IUPAC nomenclature. On the basis of a previous study, we predicted that reactions of enynedioates 1 with Gilman nucleophiles should provide allenes through 1,6-addition as that of C to give C' -the same addition pattern of 1 with phosphanes and amines (path 5). To our surprise, the chemical reactivity of enynedioates 1 toward Gilman nucleophiles differed from that of C. Here, we report that with enynedioates 1 predominantly undergo nucleophilic attack by organocuprates at the β(γ′)-carbon rather than the α(δ′)-carbon, in contrast with the addition pattern with phosphanes or amines. This reaction results in direct regioselective formation of β(γ′)-alkyl-or -aryl-substituted muconates (Scheme 1, path 6). According to the IUPAC nomenclature system, the addition pattern is 1,5-addition, because the numbering starts with the higher priority on the alke-and the related muconic acids and their derivatives are important chemical intermediates in the polymer industry, 16 the unusual β(γ′)-alkyl or -aryl-substituted muconates are valuable synthetic intermediates for our conjugate 1,5-addition method. Previous methods for the synthesis of relevant alkyl-or aryl-substituted muconate derivatives include oxidation of catechol derivatives, 17 ruthenium-catalyzed addition of carbenes to alkynes, 18 rutheniumcatalyzed hydrovinylation of alkynes by acrylates, 19 rhodium-catalyzed codimerization of alkenes and electron-deficient internal alkynes, 20 halogenation/dehydrohalogenation of adipic acid derivatives, 21 and metal-catalyzed cross-coupling of acrylates.
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To optimize the conditions for the reaction, we choose dimethyl (2E)-hex-2-en-4-ynedioate (1a) as a model substrate and lithium dibutylcuprate (2a) as an organocuprate reagent. Tuning the conditions to achieve an addition reaction of enynedioate 1a with Gilman reagents is not a trivial matter, because 1a is quite reactive toward nucleophiles. We examined the effects of the stoichiometric ratio of the organocuprate, the concentration of the reaction mixture, and the reaction time on the regio-and chemoselectivity of the reaction. In a preliminary study in which enynedioate 1a (0.040 M) was treated with 0.5 equivalents of Gilman reagent 2a in tetrahydrofuran at -78 °C for one hour (Table 1 , entry 1), we obtained a 12% yield of a 1:1 mixture of the 1,5-addition [β(γ′)-addition] and 1,6-addition [α(δ′)-addition] products 3a and 4a, respectively, with no regioselectivity. When we prolonged the reaction time to two hours (entry 2), the combined yield of the addition products improved to 18%. Under these reaction conditions, however, we observed a slight shift in the regioselectivity from β(γ′)-addition to α(δ′)-addition. Next, we carried out the reaction for 16 hours until the enynedioate 1a was completely consumed (entry 3). This produced no improvement in the yield of the products, but the β(γ′)-addition product 3a was formed in larger amounts than the α(δ′)-addition product 4a. Having obtained these anomalous results, we performed other experiments with 0.7 or 1.0 equivalent of Gilman reagent 2a under identical conditions for two hours (entries 4 and 5). This resulted in an increase in the yield to 33% with a small change in regioselectivity. The low yield of the reaction and the negligible recovery of the starting material prompted us to reduce the concentration of the reaction mixture, because dark materials, probably formed by polymerization, were observed in entries 1-5. The reaction of 1.19 mmol of enynedioate 1a (0.024 M) with one equivalent of Gilman reagent 2a in tetrahydrofuran (50 mL) for two hours gave a 50% yield in several experiments and provided products 3a and 4a in a ratio of 73:27 (entry 6). Further dilution of the reaction mixture resulted in poor product formation, with recovery of the starting material (entry 7). To our delight, however, we isolated a 58% yield of products with a low recovery of 1a when we reduced the reaction time to 30 minutes (entry 8). We then examined the effects of further increases in the amount of the organocuprate and of reductions in the reaction time (entries 9-11, 13, and 15). With 1.5 equivalents of the organocuprate and a reaction time of ten minutes, we obtained a 75% yield of products with predominant formation of the β(γ′)-addition product 3a. Prolonging the reaction with 1.5-2 equivalents of organocuprate resulted in the formation of the β(γ′)-addition product 3a, but the overall yield was comparatively low (entries 12, 14, and 16). Addition of hexamethylphosphoramide was not effective in increasing the yield, as it gave the β(γ′)-addition product 3a in only 29% yield (entry 17). We also carried out the reaction with 1.2 equivalents of the Grignard reagent methylmagnesium bromide in the presence of lithium and copper salts (entry 18). In this experiment, the β(γ′)-addition product 3a was obtained, but in a very low yield (13%). In summary, therefore, we found that the yield of the reaction was highly dependent on the 
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concentration of the enynedioate and the reaction time. The best yield of the β(γ′)-addition product was obtained with 1.19 mmol of enynedioate 1a and 1.5 equiv of organocuprate reagent in 50 mL of THF (0.024 M concentration with respect to the enyne) at -78 °C for 10 min. We therefore chose these reaction conditions to examine the scope of the reaction. The β(γ′)-and α(δ′)-addition products, 3a and 3a′, were fully characterized by means of 1 H and NOE NMR spectroscopic techniques (see Supporting Information, Figure S1 ).
Next, we prepared a series of propiolate esters by N,N′-dicyclohexylcarbodiimide-induced coupling of propiolic acid and the appropriate alcohols, and we used the products to synthesize the conjugated enynedioates 1c-i by means of 1,4-diazabicyclo[2.2.2]octane-catalyzed dimerization. 23 We then examined the scope of the 1,5-addition reaction of organocuprates 2 to enynedioates 1 under the optimized conditions (Table 2 ). Product yields were found to be highly dependent on the size of the Gilman reagent. When dimethyl (2E)-hex-2-en-4-ynedioate (1a) was treated with the methyl or phenyl Gilman reagents 2b and 2c, respectively, under the optimized reaction conditions, the corresponding β(γ′)-addition products 3b and 3c were obtained in 77% and 54% yield, respectively. In these two cases, no α(δ′)-addition product was formed ( Table 2 , entries 2 and 3). The stereochemistry of the methyl addition product was consistent with that of the butyl addition product (2Z,4E), whereas with in the case of the phenyl addition product, it changed to (2E,4E) because of the higher priority of the phenyl moiety over the alkenyl moiety in the product structure. We observed a decrease in the yield as the length of the alkyl chain in the ester was increased. The 2 CuLi, a mixture of MeMgBr, LiBr/LiCl (1 equiv), and CuI (0.5 equiv) was added. H.-C. Tai et al.
methyl, ethyl, butyl, and hexyl esters 1a, 1b, 1c and 1d, respectively reacted with the butyl Gilman reagent 2a to give the corresponding major β(γ′)-addition products 3a, 3d, 3g, and 3j in 75, 52, 42% and 38% yields, respectively (entries 1, 4, 7, and 10). Likewise, each enynedioate showed a similar reactivity trend toward the Gilman reagents 2a-c; the yields decreased in the order Me > Bu > Ph for the substituent on the Gilman reagent (entries 1-3, 4-6, 7-9, and 10-12). Furthermore, the cycloalkyl enynedioates 1e and 1f showed similar reactivities toward Gilman reagents 2a-c (entries [13] [14] [15] [16] [17] [18] ; however, the methyl Gilman reagent 2b gave the 1,5-addition product in a 70% yield (entry 16). The 1,5-addition pattern also occurred with the benzyl enynedioate 1g and the phenyl enynedioate 1h (entries 19-24); with Gilman reagent 2b, these gave good addition yields of up to 95%. The thienylmethyl analogue 1i, also underwent 1 H NMR spectroscopy with mesitylene as an internal standard. c Yields in parentheses are based on the conversion of the starting material. d Determined spectroscopically by proton integration. e The α(δ′)-addition product 3g′ was not isolated because of its low yield.
addition in up to 80% yield (entries 25-27).The α(δ′)-addition products 3a′, 3d′, and 3g′ were obtained as byproducts when the butyl Gilman reagent 2a was used (entries 1, 4 and 7, respectively), although the β(γ′)-addition products predominated in these cases.
According to the scope study, the methyl Gilman reagent 2b and the phenyl Gilman reagent 2c show high chemo-and regioselectivities toward β(γ′)-addition with enynedioates. The products were characterized by means of IR, 1 H NMR, and 13 C NMR spectroscopy and their structures were confirmed by means of high-resolution mass spectrometry. The configuration of the C α =C β double bond was confirmed by nuclear Overhauser effect (NOE) experiments. Overall, the observed addition at C5 might be governed by a chelation-controlled process involving interaction of the proximate carbonyl group of the alkynoate with the copper ion; this mode of coordination could activate the 5-position to nucleophilic attack.
In conclusion, we have demonstrated a 1,5-addition [or β(γ′)-addition] of alkyl or aryl nucleophiles to dialkyl or diaryl (2E)-hex-2-en-4-ynedioates by using Gilman reagents. The conjugated enynedioates showed an unusual reactivity towards organocuprate reagents in comparison with organophosphane or alkyl amine nucleophiles. The results provide a short, efficient, three-component route for the synthesis of β(γ′)-alkyl or -aryl-substituted muconates for possible use in polymer chemistry All reactions were performed under N 2 . Anhydrous THF and benzene were distilled over Na/benzophenone under argon. IR spectra were recorded on an Excalibur HE series FTS 3100 spectrophotometer from Digilab.
1 H and 13 C NMR spectra were recorded on either a Bruker DRX-300 NMR or an Agilent 400-MR DD2 400 NMR spectrometer at 300 (400) or 75 (100) MHz, respectively. The chemical shifts in the 1 H and 13 C NMR spectra are referenced to TMS or residual CHCl 3 . The high-resolution mass spectra (HRMS) were recorded on a Finnigan MAT-95XL or a Varian 901-MS magnetic-sector mass spectrometer operated in the EI, ESI, or APCI mode.
Organocopper Reagents 2a-c (Gilman Reagents); General Procedure
The alkyl-or aryllithium R 2 Li (3.56 mmol) was added to a suspension of CuI (373 mg, 1.96 mmol) in anhydrous THF (25 mL) in a 50 mL double-necked flask at -20 °C, and the resulting mixture was stirred for 30 min at -20 °C. The mixture was then slowly cooled to -78 °C with continuous stirring, and the resulting Gilman reagent (1.78 mmol) was used directly in the subsequent reaction.
(E)-Enynedioates 1a-g; General Procedure
A 50 mL round-bottomed flask was charged with a solution of the appropriate alkyl propiolate (5 mmol) in CH 2 Cl 2 (10 mL) at 0 °C. DABCO (5.61 mg, 0.05 mmol) was added, and the solution was stirred for 10-15 min. When the reaction was complete, the mixture was separated by column chromatography (silica gel, EtOAc-hexanes) to give the pure product (Scheme 2). Spectroscopic and physical data for compounds 1a 24 , 1b 23 , and 1h 23 have been previously reported. 
Scheme 2

Dibutyl (2E)-Hex-2-en-4-ynedioate (1c)
Dicyclohexyl (E)-Hex-2-en-4-ynedioate (1f)
Colorless liquid; isolated yield: 0.843 g (76%); R f = 0.33 (EtOAc-hexanes, 1:10). 
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Dibenzyl (2E)-Hex-2-en-4-ynedioate (1g)
Alkyl-and Aryldienedioates 3a-3aa; General Procedure
A solution of the appropriate enynedioate 1 (1.19 mmol) in benzene (10 mL) was distilled at 120 °C in a Dean-Stark apparatus to remove any residual moisture as an azeotropic mixture; this procedure was repeated twice more. THF (25 mL) was added, and the resulting mixture was cooled to -78 °C. The freshly prepared Gilman reagent 2 (1.78 mmol, 1.5 equiv) was added from a syringe, and the mixture was stirred for 10 min at -78 °C. The reaction was quenched with sat. aq NH 4 Cl (5 mL) and the mixture was warmed to r.t. and stirred for 10 min. The product was extracted with EtOAc (10 × 3 mL), and the extracts were washed with successively with H 2 O (5 × 1 mL) and brine (5 × 2 mL) then dried (Na 2 SO 4 ) and concentrated under vacuum. The crude product was purified by flash chromatography (silica gel, hexanes-EtOAc).
Dimethyl (2Z,4E)-3-Butylhexa-2,4-dienedioate (3a)
Colorless liquid; isolated yield: 0.142 g (53%); R f = 0.23 (EtOAc-hexanes, 1:11 
Diethyl (2E,4E)-2-Butylhexa-2,4-dienedioate (3d′)
Colorless liquid; isolated yield: 0.050 g (17%; 19% based on recovered starting materials); R f = 0.38 (EtOAc-hexanes, 1:11). 
Dibutyl (2E,4E)-3-Phenylhexa-2,4-dienedioate (3i)
Colorless liquid; isolated yield: 0.044 g (11%); R f = 0.40 (EtOAc-hexanes, 1:11 H.-C. Tai et al. 
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